Platinum nano particles dispersed tungsten trioxide (Pt/WO 3 ) is a promising hydrogen gas sensor material which can detect it by the change of color. Hydrogen gas sensing properties of Pt/WO 3 thin film strongly depend on its film structure. Particularly, the porosity and the particle size of WO 3 are very important for obtaining good hydrogen sensitivity. The morphology of Pt/WO 3 thin film prepared by solgel process can be modified by the heat-treatment temperature and the Ti-doping to WO 3 . Pt/WO 3 thin films consisting of small particles and porous structure were obtained by Ti-doping. Especially, Ti-doping was very effective to obtain the small WO 3 particle in spite of a high temperature heat treatment. It was considered that Ti-doping produced oxygen vacancy in WO 3 lattice and this disturbed the densification of the film and the grain growth of WO 3 . This sample showed a good response to hydrogen gas exposure, compared with that of non-doped sample. Therefore, it was found that the surface modification by Ti-doping can enhance the optical hydrogen gas sensing property of Pt/WO 3 .
Introduction
Hydrogen is attracting much attention as a clean energy resource. Hydrogen fuel cell vehicle has a relatively high efficient and is quite clean because it produce only a water as byproduct. In addition, hydrogen gas is easy to store and transfer as secondary energy. Therefore, the many technology concerned with production, transportation, store and use are required to develop the hydrogen society. On the other hand, hydrogen is a quite dangerous gas because it explodes between 4 and 74% in air. Additionally, hydrogen gas has a fast combustion rate compared with other combustible gases. Moreover, hydrogen is most diffusive gas and can leak easily because its molecule is small and light. Therefore, the hydrogen gas sensor, which can detect hydrogen gas immediately, is required to ensure a safe. Hydrogen gas sensor has to satisfy the many requirements, such as a wide detectable concentration range, a fast response, a high selectivity and a good stability. Commercial hydrogen gas sensors are mostly semiconductor type and catalytic combustion type, and these sensors detect the gas by variations of its electrical resistance in various atmosphere. However, these sensors still have some problems, particularly their detectable concentration ranges are limited. Then, we focused on the platinum loaded tungsten trioxide (Pt/WO 3 ) hydrogen gas sensor, which can detect it by optical absorbance change 1)3) and electrical conductivity change.
4)7)
WO 3 is widely known as a chromic material, which shows reversible color change from light yellow to blue. Electrochromism is the most typical properties of WO 3 Noble metal, such as Pt and Pd, loaded WO 3 shows the gasochromism by catalytic reaction under the hydrogen gas atmosphere. Hydrogen molecules are dissociated to H atoms, and ionized to protons and electrons by Pt catalyst. These hydrogen atoms can diffuse through the surface of WO 3 particles, and this phenomenon is called spillover effect. 13 )
These electrons and protons are injected to WO 3 structure, WO 3 then changes to blue color. Thus, the coloration of Pt/WO 3 indicates the presence of hydrogen gas in the atmosphere. In addition, its electrical conductivity increases by gasochromic reaction, because these electrons and protons work as electrical carriers. Recently, it is considered that this electron injection, described in Eq. (2), is occurred by the generation of oxygen vacancy. 14) Therefore, the Pt/WO 3 can detect hydrogen gas by the coloration and the electrical conductivity change. When hydrogen gas is removed from the atmosphere, Pt/WO 3 returns to a transparent state with forming the water among oxygen gas, proton and electron, as shown in Eq. (3).
This gasochromic coloration of Pt/WO 3 cannot be occurred with other combustible gases. Thus it has a high selectivity for hydrogen gas by using the optical sensing. Using the optical and the electrical sensing, Pt/WO 3 can detect the wide concentration range of hydrogen gas by only one material. 15 ),16) Moreover, the optical sensing has an advantage that it is safer because it can detect the hydrogen gas without an electrical circuit.
Pt/WO 3 thin film was prepared by solgel process using the tungsten hexachloride (WCl 6 ) and hydrogen hexachloroplatinate hexahydrate (H 2 PtCl 6 ·6H 2 O) as starting materials in this study. 16 )18) WCl 6 can dissolve to the alcohol solvent well, and it form the tungsten alkoxide in the solution. H 2 PtCl 6 ·6H 2 O also can dissolve to alcohol, then we can obtain the tungsten alkoxide and Pt ion mixture solution very easily. Using this solgel process, Pt/WO 3 can be obtained by heating the mixture solution. In addition, Pt nano-particles were dispersed into the WO 3 thin film. Pt/WO 3 thin film requires the small WO 3 grain, porous structure and the well-controlled crystallinity for good response to hydrogen gas. 16) However, these requirements are difficult to control independently, because these change at the same time by the heat-treatment. On the other hand, it has been reported that Ti doping to tungsten oxide can be moderate the grain growth of WO 3 particle. 19) Thus, it is expected to enhance the hydrogen gas sensing property of Pt/WO 3 thin film by Ti-doping.
In this study, we investigated the relationship between a gasochromic property and the structure of Pt/Ti-doped WO 3 thin film prepared by the solgel process, expecting for improvement of its hydrogen gas sensing ability.
Experimental

Sample preparation
In the glove box filled with pure nitrogen, WCl 6 (Kojundo Chemical Laboratory Co., Ltd., 99.99%) and H 2 PtCl 6 ·6H 2 O (Kishida Chemical Co., Ltd., 98.5%) were dissolved to ethanol (Kanto Chemical Laboratory Co., Inc., 99.5%). Titanium tetrachloride (Wako Pure Chemical Inds., Ltd., 98.5%) was added to this solution. The total concentration of transition metal in the ethanol was 0.180 mol/L and the molar ratio of Pt/transitionmetal was 1/13 in this coating solution. In this study, 0, 1, 5 and 10 mol % Ti-doped films were prepared, respectively. This coating solution was spin-coated on the alkaline-free glass substrate, and then dried at 150°C for 3 min. on a hot-plate. After five times repetition of the coating, films were heat-treated at several temperatures for 10 min. in a furnace.
Characterization
The crystal phase and crystallinity were confirmed by the X-ray diffractometer (UltimaIV, Rigaku, Japan) using Cu K¡ radiation (40 kV, 40 mA). The morphology and thickness of the Pt/WO 3 was observed by field emission scanning electron microscopy (FE-SEM JSM-7600F, JEOL, Japan) using 15 kV of accelerating voltage.
The optical gasochromic property was investigated by UVVis spectroscopy (U-2910, Hitachi High-Technologies, Japan). For the optical measurement, the film was put in the transparent cell made of acrylic resin to flow the hydrogen gas. The responses to hydrogen gas were evaluated by measuring the absorbance change at 800 nm against time. The experiment was measured at room temperature under atmospheric pressure.
3. Results and discussion 3.1 Structure of the films Figure 1 shows XRD patterns of the non-doped and 10 mol % Ti-doped films heated at several temperatures. Crystallinity of the films were increased with increasing the heat-treatment temperature. Although the non-doped and 1 mol % Ti-doped samples crystallized around 400°C, the 5 or 10 mol % Ti doped samples crystallized around 450°C. Thus, it was found that crystallization temperature depends on the amount of Ti doping. This result showed a good agreement with the previous report. 19 ) From Xray diffraction patterns shown in Fig. 1 (a) , non-doped films were indexed as the orthorhombic type structure. In contrast, the 10 mol % Ti-doped film, which was heat-treated at 750°C, had the tetragonal system, as shown in Fig. 1(b) . Figure 2 shows XRD patterns of the films prepared with various Ti-doping amount. All films were heat-treated at 700°C. The diffraction peak of 002 plane shifted to higher angle and the peak of 200 plane shifted to lower angle with increasing the Ti-doping amount. Finally, it was observed that the crystal phase of WO 3 transited to tetragonal system when the Ti-doping amount reached to 10 mol %. In addition, the lowering of crystallinity by Ti-doping was also observed. Diffraction peaks of TiO 2 were never observed in XRD patterns of all samples. Then, it was considered that Ti ions were completely substituted to W ions sites because these ionic radii were quite close; ionic radii of W 6+ and Ti 4+ are 0.605 and 0.600 nm, respectively. 20) When Ti 4+ ion substituted to W 6+ , the oxygen vacancy was considered to generate to maintain the electrical neutral. Therefore, the crystallinity of WO 3 seemed to depend on the amount of the oxygen vacancy. Figure 3 shows the surface morphologies of non-doped and 10 mol % Ti-doped film, observed by SEM. The grain sizes of WO 3 in the films, measured from Fig. 3 , were plotted as a function of heat-treatment temperature, as shown in Fig. 4 . The WO 3 Fig. 1 . XRD patterns of (a) non-doped and (b) 10 mol % Ti-doped films heat-treated at several temperatures.
Journal of the Ceramic Society of Japan 123 [12] 1102-1105 2015 grain size of the non-doped sample increased with increasing the heat-treatment temperature. In contrast, the 10 mol % Ti doped sample had ca. 40 nm of WO 3 grain at all temperatures. Thus, it was found that the Ti doping to WO 3 can moderate the grain growth in the film. Surface morphologies of films heat-treated at 700°C were shown in Fig. 5 , and particle size of WO 3 was plotted as a function of Ti-doping amount in Fig. 6 . It was found that the particle size was decreased with increasing the amount of Ti-doping. This result showed good an agreement with the result of XRD measurement; i.e., the diffraction intensity and the half width decreased by Ti-doping. It was considered that oxygen vacancy increased with the amount of Ti-doping and degraded the crystallinity, as above-mentioned. This oxygen vacancy seemed to concentrate on the surface of WO 3 particle, the defects disturbed the grain growth and the densification of the film. Thus, Ti-doped film had the porous surface and small WO 3 particles.
From these results, the structure of Pt/WO 3 film can be controlled by the Ti-doping and heat-treatment temperature. Figure 7 shows the gasochromic coloration of Pt/WO 3 thin films heat-treated at 450°C, prepared with various Ti-doping amount. The optical absorbance of each film was increased by 1% hydrogen gas exposure, and it returned to transparent state by air flowing immediately. Comparing the absorbance change values of the films, as shown in Fig. 8 , it was found that the absorbance change value of each sample became larger around the crystallization temperature. In addition, the hydrogen gas response decreased when the film was heat-treated at a higher temperature than the crystallization temperature. This is because the surface area was decreased by a densification, and the diffusion rate of protons and electrons in WO 3 crystalline were decreased by an increase of the crystallinity. In contrast, Ti-doped samples showed good hydrogen gas response in spite of high temperature heattreatment. Particularly, the 10 mol % doped sample prepared at 750°C showed a good response in spite of high temperature heattreatment. It was considered that a large amount of Ti-doping prevents the grain growth of WO 3 , and it can keep the good response to hydrogen. Thus, this sample can be used stably at high temperature, particularly higher than 500°C.
Gasochromic properties
On the other hand, 5 mol % Ti-doped film heat-treated at 450°C showed the highest response to 1% hydrogen gas. Tuning the film structure by the amount of Ti-doping and the heat-treatment temperature, the gasochromic response to hydrogen gas can be enhanced compared with the non-doped sample. Therefore, it was found that the surface modification by Ti-doping can enhance the optical hydrogen gas sensing property of Pt/WO 3 .
Conclusion
In this study, Pt nano-particle loaded Ti-doped WO 3 thin film was fabricated by solgel process, and the relationship between the hydrogen gas sensing properties and the structure was investigated. The Ti ion seemed to be substituted to W ion site easily by using the solgel method. Ti-doping to WO 3 affected the crystallization temperature, crystallinity and crystalline phase. The crystallinity of WO 3 was decreased, and the crystalline phase transferred from orthorhombic to tetragonal by the doping. These were due to the generation of the oxygen vacancy to maintain the electrical neutral. The grain size of WO 3 was also depended on the Ti-doping. The 10 mol % Ti-doped samples had ca. 40 nm of WO 3 grain at the all temperature. In addition, the grain size was decreased with the doping amount. Therefore, it was found that Ti-doping to WO 3 can moderate the grain growth derived by the heat-treatment. The film surface morphology also depended on the Ti-doping, and became rough and porous.
The gasochromic coloration by hydrogen gas of the film was improved by the doping. Particularly, the 5 mol % Ti-doped sample heat-treated at 450°C showed the highest response to hydrogen gas exposure. It was considered that the hydrogen gas sensitivity was enhanced by the modification of the film surface and structure due to the Ti-doping and the control of heattreatment temperature. Therefore, it was found that Ti-doping is an effective treatment for the improvement of the hydrogen gas sensing property. Fig. 7 . Absorbance change of the films by 1% hydrogen gas exposure, measured at 800 nm. All films were heat-treated at 450°C, prepared with various Ti-doping amount. Fig. 8 . Absorbance change value of the films when the film was exposed to 1% hydrogen gas for 270 s.
